A
poptosis plays an important role in the development of diabetes (1) . The main cause of type 1 diabetes is the loss of ␤-cell mass as a result of inflammation in pancreatic islets and effects of toxic agents on pancreatic ␤-cells resulting in apoptosis (2) . Cytokines, especially interleukin-1␤ (IL-1␤), interferon-␥ (INF-␥), and tumor necrosis factor-␣ (TNF-␣), play an important role in apoptotic ␤-cell destruction (2) . We have previously shown the existence of a factor in the serum of newly diagnosed type 1 diabetic patients causing apoptosis of pancreatic ␤-cells (3) . Current studies demonstrate that apoptosis of pancreatic ␤-cells takes place also in type 2 diabetes (4, 5) , although the mechanism behind this process is not understood. We have demonstrated that glucose, a principal regulator of pancreatic ␤-cell function, at high concentration causes apoptotic ␤-cell death in pancreatic islets from rats and mice (6) . Moreover, in the same study, we showed that sulfonylurea compounds, currently used drugs for the treatment of type 2 diabetes, trigger apoptosis of pancreatic ␤-cells. All of this information points to the importance of studies of pancreatic ␤-cell apoptosis, both for understanding the mechanisms that cause diabetes and for the development of treatments of the disease. Whereas a number of procedures for evaluating ␤-cell apoptosis have been described, there is currently no available noninvasive method allowing on-line monitoring of apoptosis in living ␤-cells in vitro or in vivo. We now describe a noninvasive method that can be used for on-line detection of apoptosis in single ␤-cells by two-photon laser scanning microscopy (TPLSM), using fluorescence resonance energy transfer (FRET). Here we illustrate the method by on-line studies of apoptosis in the ␤-cell lines RINm5F and MIN6. The technique is based on monitoring of apoptotic stimuli-induced activation of caspase-3-like proteases. The activity of caspase-3-like proteases is monitored through a fluorescent probe based on FRET between enhanced cyan fluorescent protein (ECFP) and enhanced yellow fluorescent protein (EYFP) in an expressed hybrid protein consisting of ECFP and EYFP linked by a spacer containing the amino acid sequence DEVD, which is specific for substrates of these enzymes (7) . Both ECFP and EYFP are variants of green fluorescent protein, which is highly resistant to various proteases (8) . On the contrary, the DEVD sequence is cleaved by activated caspase-3-like proteases. This cleavage leads to spatial separation of ECFP and EYFP and results in a loss of measurable FRET. Fluorescence from ECFP and EYFP can be monitored simultaneously by fluorometric techniques including TPLSM, providing a ratiometric measure of apoptosis. Use of TPLSM for these measurements will minimize cell damage and permit studies of cells that are located deeper into tissues compared with confocal Science Institute, RIKEN, Saitama, Japan). The expression of the fusion gene was driven by the rat insulin-2 promoter fragment (Ϫ695/ϩ1). Plasmids pEYFP and pECFP were generated by exchanging the cDNA of EGFP in pRcCMVi.EGFP (19) versus the cDNAs of EYFP V68L,Q69K and ECFP, respectively. All vector constructions were verified by DNA sequence analysis. Cell transfection with plasmid constructs. RINm5F cells (passages 40 -60) or MIN6 cells (passages 40 -43) attached to coverslips were transiently transfected with pFRET-KEAF, pFRET-DEVD, pFRET2-DEVD, pECFP, or pEYFP using Lipofectamine 2000, according to the manufacturer's instructions. Cells that were transfected with pFRET-KEAF, pFRET-DEVD, or pFRET2-DEVD express fusion proteins abbreviated as C-KEAF-Y, C-DEVD-Y, or C-DEVD-Y2, respectively. Experiments with cells expressing the actual fusion proteins were performed within 48 -72 h subsequent to transfection. For generation of stable RINm5F cell lines expressing C-DEVD-Y2, driven by the rat insulin-1 promoter fragment (Ϫ410/ϩ1), transiently transfected cells were subcultured in 98-well plates that contained 350 g/ml G418. After 10 days, G418-resistant colonies were subcloned in six-well plates grown to 75% confluence and assessed for FRET signal. Microfluorometry for on-line single-cell detection of FRET. The coverslip with cells was mounted as the bottom of an open perfusion chamber that was used in an inverted microscope (Zeiss Axiovert 135TV; Carl Zeiss) connected to a SPEX fluorolog-2 system (Spex industries, Edison, NJ). Cells were maintained at 37°C by temperature-controlled metal jackets both on the perfusion chamber and on the 40ϫ/1.3 oil immersion objective. Perfusion medium was RPMI 1640. The excitation was set to 440 nm, and fluorescence emission was split into two PMT (photomultiplier) detectors with bandpass filters 480 Ϯ 15 nm (ECFP emission) and 535 Ϯ 13 nm (EYFP emission) for simultaneous detection of the two channels. TPLSM for on-line detection of FRET. The experiments with TPLSM were performed in a similar way as for microfluorometry (see above) with the perifusion chamber mounted on a Leica DMIRB microscope with a Leica TCS-NT confocal laser scanner (Leica Microsystems Heidelberg). We used a Ti:Sapphire laser (Tsunami; Spectra-Physics, Mountain View, CA) for ϳ100 fs excitation at ϳ82 MHz and two external PMT detectors (Hamamatsu R268; Hamamatsu Photonics, Shizuoka-Ken, Japan) with bandpass filters 480 Ϯ 15 nm (ECFP emission) and 535 Ϯ 13 nm (EYFP emission), arranged in-house for nondescanned fluorescence detection (20) . The lens was Leica PL APO 100ϫ/1.40 oil, and average excitation power was below 10 mW at 790 nm. Transmitted light with differential interference contrast (DIC) was detected simultaneously as the fluorescence detection. For detecting both FRET and chromatin condensation, stable RINm5F cells expressing C-DEVD-Y2 were loaded with Hoechst 33342 (1 g/ml) for 5 min before the experiment, where the excitation wavelength was 820 nm. Denoising procedure of TPLSM images. For reducing the level of random noise present in the raw fluorescence acquisition, the wavelet denoising technique was applied to the images before further processing. This technique allows one to achieve a space-adaptive smoothing of the images at low computational price, which makes it particularly suited for applications with two-photon microscopy. It has also proved to be very effective for confocal microscopy (21) . In short, the method involves thresholding the images in wavelet space. A discrete wavelet transform (DWT) is first applied to the image. This produces a series of approximations of the original image at different scales. The original image can be recovered by applying an inverse DWT (22) . The finest scales of the DWT are then thresholded by setting all wavelet coefficients whose magnitudes fall below a certain level to zero. After thresholding, the inverse DWT is applied and the denoised image is obtained. The relevant threshold level to be used must be estimated at each scale, which can be done by a mean-square analysis of the data. The specific thresholding procedure and DWT that were used are the ones described previously (21) . Quantification and visualization of FRET. The following ratio is often used as a measure of FRET between the donor (ECFP) and the acceptor (EYFP):
where "Ff" denotes the signal using the filters for acceptor emission when exciting the donor and "Df" denotes the signal using the filters for the donor emission when exciting the donor (using variable names from 23). The Ff/Df ratio was used as a measure of FRET in our microfluorometry experiments (Fig. 2 ). However, a significant "cross talk" as a result of fluorescence spectral overlap motivates correction, which is particularly important for quantitative FRET imaging. When exciting the donor (ECFP) in the absence of the acceptor (EYFP), the emission is detected not only using the filters for donor emission ("Dd") but also using the filters for acceptor emission ("Fd"). In our case, when using TPLSM, the ratio "Fd/Dd" was determined to be 0.32. When exciting at the donor excitation wavelength in the absence of donor (in the presence of acceptor only), the emission from the acceptor ("Fa") was hardly detectable, meaning that we can exclude that type of cross talk correction. 
RESULTS
Caspase-3-like protease activity as an indicator of pancreatic ␤-cell apoptosis. For examining whether caspase-3-like enzymes mediate pancreatic ␤-cell apoptosis, mice ␤-cells were preincubated with a cell-permeable inhibitor of caspase-3-like proteases, Z-DEVD-fmk. Apoptosis was induced by incubation of cells in 17 mmol/l glucose or IL-1␤ for 40 h. The data obtained ( Fig. 1A and B) demonstrate that Z-DEVD-fmk inhibited both highglucose-and cytokine-induced apoptosis. This shows that a pathway mediated by caspase-3-like proteases is involved in ␤-cell apoptosis under both hyperglycemic and inflammatory conditions and suggests that monitoring of caspase-3-like activity can constitute the basis for on-line monitoring of apoptosis in living ␤-cells. For further development of the method, the ␤-cell line RINm5F was used. For shortening the time for on-line experiments, staurosporine was used as a well-known stimulator of apoptosis (24) . Figure 1C shows that incubation of RINm5F cells with 6 mol/l staurosporine for only 3 h gave rise to a DNA laddering pattern typical for apoptosis. This apoptotic change was preceded by activation of caspase-3-like proteases and could be inhibited by Z-DEVD-fmk (Fig. 1D) . On-line monitoring of apoptosis in insulin-secreting cells. For on-line detection of apoptosis using the FRET technique, RINm5F cells were transiently transfected with plasmids pFRET-KEAF or pFRET-DEVD. Single cells were monitored as described above using microfluorometry ( Fig. 2A and B) . The data obtained demonstrated that activation of caspase-3-like proteases by staurosporine in cells transfected with pFRET-DEVD and expressing the fusion protein C-DEVD-Y lead to loss of FRET within 155 Ϯ 23 min (mean Ϯ SE; n ϭ 9; Fig. 2A the modified construct C-DEVD-Y2 (Fig. 2C) , the FRET loss appeared later (257 Ϯ 59 min, n ϭ 4) than in the above experiments, although this was not significantly later according to t test. As expected, C-DEVD-Y2 gave a stronger EYFP signal relative to the ECFP signal compared with C-DEVD-Y. Because the expression of C-DEVD-Y2 was driven by the rat insulin-2 promoter fragment, we here demonstrate a vector that selectively expresses C-DEVD-Y2 in insulin-expressing cells.
To look more in detail into the cellular events underlying apoptosis, we used TPLSM. Figure 3 shows one focal plane of two C-DEVD-Y-expressing cells undergoing apoptosis in response to 6 mol/l staurosporine, and the corresponding DIC images illustrate the cell shape. C-DEVD-Y was distributed in the cytoplasm (Fig. 3) , and this distribution and fluorescence amplitude were stable for a long time in cells in the absence of apoptotic stimulator (data not shown). Activation of caspase-3-like proteases took place in the presence of 6 mol/l staurosporine. This, at first, led to a decrease in EYFP fluorescence emission and an increase in ECFP fluorescence emission in the cytoplasm when exciting ECFP, both of which implicated a loss of FRET (Fig. 3) . Thereafter, fluorescence corresponding specifically to ECFP emission appeared in the nucleus. The last event occurred very quickly (Ͻ1 min). On the contrary, no changes were observed in cells expressing C-KEAF-Y during the same period of time (data not shown). It is interesting that C-KEAF-Y was distributed not only in the cytosol but also in the nucleus. For characterizing the cellular distribution of ECFP and EYFP, the breakdown products of caspase-3-mediated C-DEVD-Y proteolysis, RINm5F cells were transfected with constructs expressing ECFP and EYFP, respectively. These fluorescent proteins were distributed both in the cytoplasm and in the nucleus (data not shown), and the obtained images were used to calculate the fluorescence cross-talk correction factor "Fd/Dd" (see RESEARCH DESIGN AND METHODS). Loss of FRET in these experiments occurred after 120 Ϯ 26 min (n ϭ 13), and ECFP fluorescence disappeared after an additional 97 Ϯ 11 min (n ϭ 10; Fig.  4 ). Loss of ECFP fluorescence corresponded to rupture and disappearance of the cell as shown in the DIC images in Fig. 3 .
Further spatial and temporal information can be obtained from scanning a stack of focal planes in a time-lapse mode, giving four-dimensional data (three spatial dimensions plus time). Figure 5 shows a four-dimensional series with three-dimensional reconstructed FRET corr data, when scanning 40 sections every 10 min, and demonstrates that subsequent to activation of caspase-3 and FRET disappearance, the cell started to round up and detach.
For confirming that the changes in FRET reflected apoptosis, stable RINm5F cells expressing C-DEVD-Y2 were loaded with the DNA staining dye Hoechst 33342 to allow simultaneous detection of both FRET disappearance and chromatin condensation, a characteristic feature of apoptosis, in cells treated with staurosporine. Figure 6 shows one cell before (237 min) and after (252 min) FRET disappearance and after pronounced chromatin condensation in the nucleus (267 min). Notably, the chromatin condensation can be observed both with Hoechst 33342 fluorescence and with DIC.
DISCUSSION
During the past few years, several key mediators of the induction and execution reaction cascades in cells undergoing apoptosis have been identified as a family of aspartic acid-specific cysteine proteases, the caspases (1, 25) . These enzymes exist in the cell as inactive proenzymes that are proteolytically processed and activated when the cell is undergoing apoptosis. Among caspases, caspase-3-like proteases, which recognize and cleave the DEVD sequence in their substrates, have been implicated as major mediators of the death signal in different types of cells (1) . In this study, using an inhibitor of caspase-3-like proteases, Z-DEVD-fmk, we have shown that activation of these enzymes also takes place in high-glucose-and cytokine-induced apoptosis in pancreatic ␤-cells. This gives us the opportunity to use activation of caspase-3-like proteases as a marker for pancreatic ␤-cell apoptosis. We have chosen fluorescence detection as a noninvasive method for on-line monitoring of apoptosis in living cells. In particular, the FRET technique based on the expression of a hybrid protein consisting of the two fluorescent proteins ECFP and EYFP, linked by a spacer containing the sequence DEVD, has been used. The feasibility of using similar hybrid proteins for end-point detection of apoptosis in Cos-7 cells (7, 26) , HeLa cells (27) , 293 cells (28), and Rat-1/c-myc ER fibroblasts (26) has been described. Similar proteins have recently been used for on-line detection of caspase-3 activation in Cos-7 cells (24), HeLa cells (29, 30) , and SHEP cells (30) . Our results in this study clearly demonstrate that this technique can be used for on-line monitoring of apoptosis in living insulin-secreting cells.
We used staurosporine-induced apoptosis in RINm5F cells as a model system for development of the FRET technique for on-line detection of ␤-cell apoptosis. Both DNA laddering data and investigation of cell morphology showed that staurosporine at a concentration of 6 mol/l induced ␤-cell apoptosis in RINm5F cells within 2-4 h. This process was mediated by caspase-3-like proteases as it was blocked in the presence of the inhibitor of these enzymes. Moreover, the pFRET-KEAF-transfected cells expressing the fusion protein C-KEAF-Y, lacking the DEVD sequence, did not show loss of FRET.
The obtained data are in line with the involvement of caspase-3-like proteases in staurosporine-induced apoptosis shown previously in the SV40-transformed human fibroblast cell line GM701 (31) . Our experiments with pFRET2-DEVD demonstrated that a vector selectively expressed in insulinproducing cells can be used for monitoring apoptosis of ␤-cells in a mixed cell population consisting of insulin-and non-insulin-producing cells. The pancreatic islet clearly represents such a mixed cell population.
FRET is widely used to study dynamics of the proximity between two fluorophores (32) . In particular, the use of fluorescent proteins within genetically engineered FRET probes allows real-time monitoring of various cellular events. The FRET pair with ECFP as donor and EYFP as acceptor is now often used even if one problem with this particular FRET pair is the high degree of spectral overlap, with ECFP emission bleeding over to the EYFP detection channel (33) . We therefore believe that careful corrections such as the one applied in this study are necessary to obtain useful quantitative data (23), especially in FRET imaging studies. Here we used a normal microfluorometric technique, based on epifluorescence microscopy, as well as TPLSM based on two-photon excitation. Both techniques use one wavelength for exciting the donor (ECFP) and two wavelengths for detecting emission from donor (ECFP) and acceptor (EYFP), respectively. The difference lies in excitation wavelength, light source, and instrument setup. TPLSM allows confocal images that can be obtained deeper in a tissue when compared with a normal confocal laser-scanning microscope (9, 10) . This in combination with focally limited photo damage makes TPLSM useful for studies of cells in vivo (34) . We conclude in this study that TPLSM can be used to study FRET and induction of apoptosis using the C-DEVD-Y construct in insulin-producing cells. The ECFP-EYFP FRET pair was previously used with TPLSM to monitor cytoplasmic free Ca 2ϩ concentration (16) . One important consideration in studies of living cells in general and apoptosis in particular is the degree of photo damage generated by the excitation light. We therefore performed separate control experiments monitoring cells not exposed to the apoptotic inducer staurosporine, and these cells were clearly viable for a longer time. The TPLSM technique gave a relatively low signal and consequently a high noise level, as a result of the limitation of photons. Therefore, we applied a three-dimensional filtering technique based on wavelets for denoising our image series. This kind of filtering preserves the quantitative, spatial, and temporal information to a high degree and is therefore appropriate to use for the data presented.
Monitoring of apoptosis on-line using TPLSM allowed us to analyze not only the loss of FRET but also the subcellular localization of the fluorescent proteins. At the beginning, all C-DEVD-Y fluorescence was distributed in the cytoplasm. Subsequent to induction of apoptosis, i.e., activation of caspase-3-like activity, and notion of loss of FRET of C-DEVD-Y in cytoplasm, ECFP fluorescence quickly appeared in the nucleus. Appearance of fluorescence in the nucleus in pFRET-DEVD-transfected cells can have at least two explanations. First, appearance of ECFP fluorescence can be explained by the disturbance in the nuclear envelope during apoptosis (35) , making the translocation of C-DEVD-Y to the nucleus feasible. As caspase-3-like proteases are distributed to a large extent in the nucleus upon activation, they will cleave C-DEVD-Y, resulting in ECFP fluorescence. Second, appearance of ECFP fluorescence in the nucleus can be explained by diffusion of ECFP through nuclear pores subsequent to the breakage of C-DEVD-Y. To discriminate between these two alternatives, experiments have been performed with cells expressing ECFP or EYFP, after transfection with either pECFP or pEYFP (data not shown). The data obtained clearly show that both proteins enter the nucleus. This favors the conclusion that it is a breakdown product of C-DEVD-Y that goes from the cytoplasm to the nucleus. Moreover, we have not been able to see FRET in the nucleus in the cells in which C-DEVD-Y was expressed. In contrast, the fusion protein C-KEAF-Y, expressed in pFRET-KEAF-transfected cells, was distributed both in the cytoplasm and in the nucleus. Activation of caspase-3-like proteases neither changed this distribution nor broke C-KEAF-Y.
In the on-line studies performed, we were able to estimate the time sequence of events in staurosporineinduced apoptosis of RINm5F cells. According to our results, staurosporine induced activation of caspase-3-like proteases (loss of FRET) in ϳ90 -180 min in RINm5F cells with a great variability. Approximately 90 -110 min after the FRET loss, the cells rounded up and detached from the substrate or ruptured. The round-up of cells can be explained by breakage of cytoskeleton by the activated enzymes (36) . The relatively constant time between FRET loss and disappearance of cells suggests that once the caspases are activated, the subsequent reactions of apoptosis are programmed in time. Full statistical characterization of this highly variable time sequence would require a significantly larger group of single-cell data. This would be possible to achieve with the actual technique, but the microscope setup should then be modified and adapted for collection of data from multiple cells.
We have now been able for the first time to 1) monitor the time for activation of caspase-3-like proteases in single insulin-secreting cells and the subsequent detachment from the surface to which they adhere and 2) monitor the activation of the caspase-3-like proteases in three dimensions using TPLSM. An important issue to consider is also that the technique used is not dependent on loading of substrate fluorescent dyes (37) , because the FRET-DEVD technique is based on the expression of a fluorescent protein. The possibility to express fluorescent proteins in targeted tissues of transgenic mice will give a real opportunity to monitor apoptosis in cells and tissues in vivo, especially in combination with the TPLSM technique.
